We study theoretically the origin of photoconductivity in conjugated polymers. The charge carriers are released when excitons dissociate through the deep levels within the semiconductor bandgap caused by either oxidation ͑carbonyl group͒ or structure defects. Our results explain the recent observations of the temperatureindependent photocurrent in the sweep-out regime and the transient photocurrent at high excitation. The tightly bound exciton versus semiconductor band controversy on the photocarrier generation process is clarified.
The origin of photoconductivity ͑PC͒ in conjugated polymers has been under intense study recently but controversies remain. [1] [2] [3] The basic question is how the excitons, with possibly large-binding energy, dissociate into free carriers. The carbonyl group introduced by oxidation has been demonstrated to quench the excitons efficiently. 4, 5 Besides, excitons are known to dissociate at the polymer/metal junction, and interchain effects were shown to enhance the dissociation process. 6 Barth and Bässler measured the intrinsic PC by eliminating the oxidation and junction exciton quenching, 2 and conclude that in such a pure sample the excitons have to overcome a binding energy of 0.34 eV through thermal activation or electric field tunneling in order to dissociate into free carriers. The temperature and field dependence of the PC quantum yield was shown to be consistent with the Onsager model. 8, 2 This picture is, however, inconsistent with the PC measurement in the sweep-out regime by Moses et al., 1 which shows that the effective activation energy decreases with the film thickness, contradictory to the constant value͑exciton binding energy͒ as the Onsager model would predict. Moses et al. thus propose that the temperature dependence of PC is mainly due to thermal activation out of the deep levels ͑traps͒ into which the carriers fall along their passage to the electrode, and the carrier generation process itself is temperature independent. This behavior is interpreted as the evidence of a small exciton binding energy, 1 contrary to other studies. 9, 10 Large binding energy and weak temperature dependence can be reconciled if the predominant carrier generation channel for photoconductivity is not thermal activation but mediated by the defect levels. In order to confirm this possibility, in this paper, we study theoretically the exciton dissociation process through defects, including the carbonyl group and two kinds of structure defect, shown in Fig. 1 . We found that all of them introduce deep levels within the energy gap. If the exciton binding energy is smaller than the deep level binding energy, the electron of the exciton can drop into the deep level through multi-phonon emission while the hole is released to be the free carrier, when the level is initially empty. The reversed process happens when the level is initially occupied. This is a relaxation instead of an activation process. Carriers can therefore be generated at zero temperature and have in general a weakly temperature-dependent rate. Our prediction about the relation between exciton quenching rate and oxygen density agrees with experiment. 5 Furthermore, we use the experimental quantum yield for pure samples oxygen-free to predict the density of structure defects based on our calculation. The result is consistent with the estimate of the average chain length. Quenching through structural defects is found to be the predominant carrier generation process at a typical density level of the structural defects. The observed temperature-independence of the photocurrent 1 is therefore not due to the smallness of the exciton binding energy, but to the high-quenching efficiency of the deep levels. These results provide a unifying picture for the experiments and clarify the controversy about the origin of the photo-carrier generation process. In addition to the steady-state PC, we also explain the unusual transient observed at very high excitation 7 by the saturation of the defects due to a high exciton density.
The -electron system for a perfect conjugated polymer is modeled as a one-dimensional infinite lattice with alternating values of hopping integrals t 1 (2ka) is the dispersion for the conduction band (ϩ) and for the valence band (Ϫ). Here, k is the wave number, 2a is the size of the unit cell containing two sites, ka is in the Brillouin zone ͓Ϫ/2,/2͔, u Ϯ (k) is the component of the Bloch wave function at site . The energy eigenvalue can be determined by the equations for p and pϩ1
Localized state with an energy within the gap, i.e., Ϫ͉t 1 Ϫt 2 ͉ϽϽ͉t 1 Ϫt 2 ͉, are introduced by the defect when Ϫ2t 1 /⌬tϽ1 for t 2 Ͼt 1 , and Ϫ2t 1 /⌬tϾ1 for t 2 Ͻt 1 . The defect level energy d , appearing in pairs of the same magnitude but opposite sign, is given by
where Aϵ(2t 1 /⌬tϩ1) 2 . For the localized states outside the energy bands, the expression becomes d,out
The component of the wavefunction at site q p can be related to p by
where Bϭ2t 1 t 2 /(Ϫ 2 ϩt 1 2 ϩt 2 2 ) and ␥ϭ(ͱ1ϪB 2 Ϫ1)/B. For odd qϪp, we simply change pϪq to pϪqϪ1. The details of the derivation and the physical picture will be published elsewhere. 11 The localized state energies are shown in Fig. 2 as a function of ⌬t for t 1 Ͼt 2 Ͼ0. Both t 1,2 and the wave function have been chosen to be positive without loss of generality. The Fermi level is always at the zero of energy. The localized states outside the bands are irrelevant to the process of exciton quenching, so we concentrate on the states within the band gap ͑deep levels͒ below. In addition to the localized electronic state, the structural defect usually causes localized phonon mode as well. Free carriers can be captured by the deep level through multiphonon emission.
The first specific case we consider is bond twisting, for which the bond t 1 is twisted permanently by an angle . We assume that the local mode profile follows the electronic wave function, because the very existence of the local phonon mode itself is due to the localization of the electron. The second kind of structural defect is the boundary of a semiinfinite chain. Localized electronic and phonon modes occur simultaneously at the boundary. For the electronic part, we set ⌬t equal to Ϫt 1 , such that the hopping is zero. The deep level is located at ϭ0. The coupling between the local mode and the electron is assumed to be through the modulation of the last bond. The third case is the carbonyl group with an oxygen atom attached to the carbon backbone. Each of the atomic orbitals contributing to the -conjugation is labeled by a number ͑Fig. 1͒. Note that the bonding beyond site 7 is exactly the same as the unoxidized case. Sites 3 and 4 are sp 3 orbitals roughly perpendicular to the sp 2 plane (x-y plane͒. They participate in the -electron wavefunction through hyperconjugation. 13 Their hopping integrals with the same p z orbital are the same in magnitude but opposite in sign, because they are on opposite sides of the x-y plane. The hopping integrals of the bonds around the oxygen defect are summarized by t 12 
where k,d and k,d are the wave function for the electronic and lattice parts, respectively. k(d) corresponds to a free ͑defect͒ state, is the angular frequency of the local mode, I k is the lattice factor, 12 and Q is the dimensionless normal coordinate of the local phonon mode. The minimum of total energy is at Qϭ0 if the electron is free, and shifted to Q* when the electron is captured. pϵ( k ϩ Ϫ d ϩ )/ប is the number of phonons emitted. For the case of an exciton, the electron can drop into the level while the hole is released to the valence band and becomes a free charge carrier, if the binding energy of the exciton is smaller than the binding energy of the deep level. The excess energy is carried by the hole kinetic energy and the local phonon. The exciton quenching rate P ex becomes 11 
, where (k) is the exciton wave function. Now the number of emitted phonons p is a function of the hole momentum k, because the hole kinetic energy in the final state depends on
is the hole kinetic energy, and E B is the exciton binding energy. The step function in P ex guarantees that the quenching occurs only when the final state is indeed lower than the initial state by more than the energy of one phonon. In practice we take the exciton wave function (k) to be a Lorentzian with width 1/a B , where a B is the exciton Bohr radius. Lorentzian is considered to be the most reasonable line shape because it corresponds to exponential decay in the real space. Our result, however, is not sensitive to the choice of the line shape. The exciton wave function provides an averaging over the k region around conduction-band bottom, so only the value of a B , which sets the extension of the wave function is important. The process of hole capture and electron release can be considered in the same way. The only difference is that the emitted phonons need to compensate the energy difference between the deep level and the valence band instead of the conduction band. We consider only the electron capture process below, because hole is believed to be more mobile than electron and accounts for the major part of the PC. Table I. 1/ 1 ex for the twist defect is shown in Fig. 3 . For Ͻ1.03, p(k)Ͻ1, and the quenching cannot occur. The parameters suitable for PPV are used here:
13,14 t 1 ϭϪ2.9 eV, t 2 ϭϪ1.52 eV, t H ϭϪ4 eV, O ϭ2t 1 , E B ϭ0.3 eV, and a B ϭ5 a. បϭ0.18 and 0.17 eV and ␣ ϭ4.1 and 3 eV/Å for CϭC and CϭO bond, respectively. The rates are temperature-independent and apply to ប␤ ӷ1, which covers room temperature and below.
The photocarrier generation can be described by a set of rate equations for the exciton number per unit cell n ex (t) and the defect filling fraction f (t), where t denotes time. Assume that there are n d defects per unit cell with volume v. The density of free carriers is n d f (t) in this simple model. For a photon flux I p and an absorption coefficient ␣ p , the rate equation becomes
Here, r is the radiative lifetime of the exciton and 1 is 1 ex for simplicity. The free hole capture rate 1/ 2 is taken as an adjustable parameter. We consider two special cases of the solutions : ͑1͒ A ␦-function laser pulse which sets the initial condition n ex ϭn 0 and f ϭ0; ͑2͒ The steady state where all the quantities are constant. The solution for the first case under the condition n 0 Ͼn d is shown in Fig. 4 . The parameters used are r ϭ1.0 ns ͑Ref. 15͒ and 1/ 1 ϭ3.6 ϫ10 2 ns Ϫ1 for oxygen defect ͑Table I͒. 2 is chosen to be 10 times 1 . The qualitative behavior is independent of 2 , as long as it is not too large to prevent the defect saturation. The carrier number n d f (t) saturates much faster than the decay of the exciton, so the photocarrier generation process occurs only in the first quarter of the exciton lifetime when there are still empty defects available. This explains the striking behavior observed in two-pump PC experiments, 7 which shows that the carrier generation process does stop much earlier than the exciton lifetime. The steady state carrier generation quantum yield is defined as the ratio between the photon absorption rate and the carrier generation rate:
which is equal to the ratio between the exciton quenching rate (1Ϫ f )n d / 1 and the total decay rate. The quantum yield decreases with the pumping intensity, because of the saturation of the deep level by the pump. The quantum yield of photoluminescence ͑PL͒ was found to be reduced to one half when there is one oxygen atom per 400 PV units, 5 corresponding to n d ϭ1/400. The exciton quenching lifetime nr or the nonradiative lifetime is equal to 1 /n d ϭ1.1 ns. The PL quantum yield is nr /( r ϩ nr ). For r ϭ1 ns, the quantum yield is 0.53, close to the value of 0.5 observed in the experiment. For other oxygen densities, the PL yield basically follows the above relation, within about 30 % discrepancy, with nr inversely proportional to the n d for n d Ͻ1/100. 4 For larger oxygen densities, our independent defect assumption does not hold. So the prediction is not expected to be very reliable. As for the case of a structural defect, the carrier generation quantum yield was found to be 1.2ϫ10 Ϫ3 in a high purity sample without oxidation. 1 The photocurrent is away from saturation so f Ӎ0, and the yield takes a simple form ϭn d r / 1 . Note this expression is independent of the adjustable parameter 2 . Because there is no oxygen in the sample, the exciton quenching is due only to the structural defect. We assume the main defect is the midgap level at the chain boundary. Since half of them are filled, the empty defect density n d is 1/N c . Using the value 1/ 1 ϭ4.5 ns Ϫ1 ͑Table I͒, we obtain N c ϭ3.7ϫ10 3 . N c can be estimated independently from the molecular weight analysis. It is usually in the order of 10 3 . For example, 16 the average molecular weight of RO-PPV, with monomer molecular weight about 400, has recently been determined to be 2ϫ10 6 , corresponding to N c ϭ5ϫ10 3 , again consistent with our prediction. For the inert samples, there is no oxygen defect. We consider only the midgap level at the boundary and ignore the twists. In fact, the shallow level at small twist angle does not capture the exciton efficiently. Large twist angle close to /2 is not that different from the chain boundary. The ''intrinsic'' photocurrent of pure samples can therefore be primarily accounted for by the structural defects. It is disorder sensitive, and not mainly determined by intrinsic properties like the exciton binding energy.
